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ABSTRACT

Introduction: Optic nerves development begins throughout pregnancy and continues after birth. Aging entails gradual
degeneration of the structure and the number of the optic nerve axons.

Aim of the Work: This research was designed to clarify the prenatal and postnatal development of the optic nerve in the albino
rat and the age-related changes in its axons.

Material and Methods: Forty-five albino rats were used. The animals were divided into Prenatal group (Group I) and
Postnatal group (Group II). In Group I, ten adult males were put with ten females for mating. Pregnant females were sacrificed
at different times of gestation and five embryos were extracted for each subgroup; subgroup IA (aged 7 days of gestation),
subgroup IB (aged 14 days of gestation) and subgroup IC (aged 21 days of gestation). In Group II, twenty-five albino rats of
different ages were divided into five subgroups; Subgroup IIA (aged one month), Subgroup IIB (aged 3 months), Subgroup IIC
(aged 9 months), Subgroup IID (aged 18 months) and Subgroup IIE (aged 24 months). The optic nerves of all subgroups were
prepared for histological, immunohistochemical examination. Statistical analysis of immune-positive percentage area and the
number of optic nerve axons were performed.

Results: Optic nerve was first formed in rat embryos aged 21 days of gestation. It’s formed of the axons of retinal ganglion cells.
Aging causes apparent deterioration of the optic nerve structure with a highly significant increase in CD31 immunopositive
cells percentage area. Ultra-structurally, the number of optic nerve axons significantly decreased.

Conclusion: This study provides histological description of development of the optic nerve in the albino rat across different
prenatal and postnatal ages. The aging is associated with degeneration, neovascularization and reduction of optic nerve axons

which could explain why most elderly have vision loss with varying extent.
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INTRODUCTION

The optic nerve develops from the optic stalk, which
connects the brain to the optic cup. It remains empty till
the retinal ganglion cells fibers emerge in the 6™ week
of development. The growth of these fibers gradually
obliterates the lumen of the optic stalk and turn it into the
optic nerve in the 8" week of the development. The glial
cells around the optic nerve fibers arise from the inner
layer of the optic stalk. The optic nerve's axons begin
myelination around the 7" month, and it is completed later
after delivery!-l.

About 80% of growth of optic nerve occurs after birth
with the greatest linear growth within the first 3 years of
postnatal life. From 5 to 15 years, it grows at a slower
rate and then stops. This growth pattern is most probably
related to the rise in skull size around puberty®®. Several
signaling molecules have been involved in directing the
optic nerve axons to their target brain nuclei. One of them
is the chondroitin sulfate proteoglycans gradients (CSPGs)
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which direct axonal growth radially toward the optic nerve
and so influence optic axonal growth3],

The optic nerve is divided into several parts: intra-
ocular, intra-orbital, intra-canalicular, and intra-cranial.
The intra-ocular portion is roughly Imm long and
represents the optic nerve head, where the axons of retinal
ganglion cells converge, making it light-insensitive and
forming the "blind spot"®7. The intra-orbital portion is
roughly 25 mm long and goes across the orbital cavity.
Because the distance between the posterior globe and the
optic foramen is just 20 mm, the optic nerve has an S shape
within the orbit. The intra-canalicular part leaves the orbit
via the optic foramen located within the lesser wing of the
sphenoid then goes through the optic canal (approximately
9 mm in length). The intra-cranial part (about 16 mm long)
travels through the cerebral cavity before connecting with
the contralateral one to create the optic chiasma®°!,

Petros et al. (2008)!'" stated that the axons of retinal
ganglion cells forming the optic nerve aren't myelinated
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in the retina, but they start to get myelin at the level of the
lamina cribrosa, a perforated, sieve-like area of the sclera
through which optic nerve fibers emerge. The optic nerve
is also composed of neuroglial cells such as astrocytes,
microglia and oligodendrocytes. Astrocyte columns and
vascular connective tissue septa group the axons into
bundles. Moreover, each axon bundle is further divided
into fascicles by regular inter-fascicular rows of five or
more oligodendrocytest'!-12],

The mammalian eye is similar between rats and humans,
with gross and histologic differences due to relative sizing.
The average adult rat eye is approximately 4 mm while the
human eye measures 23.5-25 mm in diameter. As a result of
the rat's small eyes, rats have an enormous depth of focus.
In humans, the depth of focus of the unaccommodated eye
is from 2.3 meters to infinity. In rats, the depth of focus is
from 7 centimeters to infinityl'*'4l.

Bernstein et al. (2016)P reported that understanding
the optic nerve growth is an important in in assessing
disorders that impact visual function in infants. Moreover,
Erdinest et al., (2021)"3) had explained that aging is a
complex biological process that causes a progressive
loss of physiological function, such as vision impairment
and degradation of retinal cells and optic nerve fibers.
Therefore, the present study was designed to clarify the
prenatal and postnatal developmental changes in the
albino rat optic nerve axons as well as the effect of aging
on their structures. It was performed by histological,
histomorphometric and immunohistochemical methods.

MATERIAL AND METHODS

Animals

In this study, forty male and female albino rats at
different ages were collected from the Animal House,
Anatomy Department, Faculty of Medicine, Tanta
University. They were kept in separate clean and well
aired cages, and they were fed the same laboratory food.
The use of animals and methods followed the National
Institutes of Health's guidelines for caring for and utilizing
laboratory animals (NIH Publications No. 8023, revised
1978) to reduce animal distress and in convenient with the
strategies of the Ethical Committee of Medical Research,
Faculty of Medicine, Tanta University, Egypt (Approval
code: 33908). The animals were divided into two groups:

Prenatal group (Group I)

In this group, fifteen adult male and female albino rats
(5 males and 10 females) were used. Each one male and two
female rats were put in a separate cage for mating. Twenty-
four hours later, vaginal smear was taken from each female
rat to be examined for the presence of copulation plug.
Positive smears indicated the beginning of pregnancy (zero
day of pregnancy)!'®.

The pregnant females were isolated in the following
morning and sacrificed at different times of gestation; after
7, 14 and 21 days of gestation. The contents of their uterine

horns were collected and subdivided into three subgroups
(5 animals each) IA, IB and IC at the age of 7, 14 and 21
days of gestation, respectively. The embryos and fetuses
of the previous subgroups were decapitated and sections
of their heads were done and prepared for histological and
immunohistochemical staining to clarify the structure of
the eye and optic nerve.

Postnatal and aging group (Group II)

In this group, twenty-five rats were divided according
to their ages into five subgroups (5 rats each): IIA, IIB
and IIC (aged 1, 3 and 9 months respectively; postnatal
developmental subgroups), IID and IIE (aged 18 and 24
months respectively; aging-related subgroups). The rats of
the previous subgroups were sacrificed at the expected age
with a suitable dose of ether.

Histological examination

The heads of the rat embryos of the prenatal
subgroups as well as the eyeballs and the retrobulbar
part of optic nerves at the two sides were separated
from the postnatal subgroups. Those on the right side,
were fixed in 10% buffered formalin for histological
and immunohistochemical studies with hematoxylin
and eosin as well as CD31 immunohistochemal staining
respectively!'’l. The anterior segment of the left eyeball
was removed resulting in release of the major non-retinal
components of the eye and the interior of the eye. The
neural retina appeared smooth, opaque and continued with
the optic nerve. They were fixed in the 2.5% phosphate
buffered gluteraldhyde solution for transmission electron
microscopic examination!®l.

Finally sacrificed rats were safely collected in a special
package according to safety and health precaution measures
to be incinerated later. Any unexpected risks appeared
during the course of research were cleared to participants
and the ethical committee on time.

Immunohistochemical examination

The CD31 immunohistochemical stain is a superior
angiogenesis marker as the immuno-positive cells are
visible in the blood vessel walls. It was carried out in the
following manner: The entire eyes were preserved in 10%
buffered formalin for 24—36 hours before being infiltrated
with 30% sucrose. The retina and retrobulbar optic nerve
were sectioned into 5-7 m thick pieces. They were kept at
room temperature for 15 minutes and processed for antigen
retrieval by digestion in 0.05 % trypsin (pH 7.8). Then they
were treated with CD31 monoclonal antibodies and CD31
polyclonal antibodies from mice (platelet endothelial
cell adhesion molecule, anti-PECAM-1, and dilution
1:100, Cat. No, A1-82378). Then they were washed three
times in phosphate buffered solution (PBS), each for five
minutes. The slides were stained for 2-5 minutes with
DAB peroxidase substrate (3-3' di-aminobenzidine) until
the required intensity was achieved!'*?%. The slides from
different subgroups were observed and photographed with
an Olympus BX50 microscope (Olympus Microsystems,
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U-ND6-2, Japan) in Anatomy and Embryology Department,
faculty of medicine, Tanta University.

Morphometric analysis

Quantitative study including CD31 percentage area
as well as counting the optic nerve axons was performed,
then, statistical analysis of the collected data was done.

Estimation of the mean area percentage of CD31
positive cells

Immunohistochemically quantification of CD31 was
conducted by using image analysis software (Image J,
1.46a, NIH, USA). Ten non-overlapping randomly selected
fields from each slide were measured at a magnification of
400 for quantitative evaluation of mean area percentage
of CD31 positive cells [calculated as the area of positive
immunohistochemical reaction *100/total area]®!l.

Counting of optic nerve axons

In each subgroup, ten low-power electron micrographs
of the optic nerve at same magnification, were used for the
calculation of cross-sectional area. Samples for counting
were photographed at regular intervals within each grid
square. The nerve sheath and large peripheral blood vessels
were not included in the samples. The axons were counted
within a frame of fixed size by Image J's Particle Analyzer.
Those axons located within the frame were counted. For
each subgroup, the total number of axons in each sample
was summed®?.

Statistical analysis

The total number of axons within the optic nerve
as well as the data of the CD31 percentage area among
all subgroups were expressed as the mean + standard
deviation (SD). For multiple comparisons, the statistical
difference among all subgroups was assessed by one-
way analysis of variance (ANOVA) followed by t-Test to
compare pairs of groups. The difference was considered
significant when probability of differences (P value) <
0.05, highly significant if P value was less than 0.001. If
P value was more than 0.05, the difference was considered
non-significant,

RESULTS

Light microscopic results
Hematoxylin & Eosin Stain
Retina & optic nerve in prenatal group (Group I)

Sections in the heads of the embryos aged 7 days of
gestation (Subgroup IA) revealed the forebrain with no
optic cup protrusion indicating no development of the eye
at this age (Figure 1; TA). In the fetuses aged 14 days of
gestation (Subgroup IB) the definite shape of the albino rat
globe was noticed. The retina consisted of outer pigment
epithelial layer and inner thick neuroepithelial layer.
However, neither ganglion cells nor axons of the optic nerve
could be identified at this age as the optic stalk appeared
empty of nerve fibers (Figure 1; IB). At the age of 21 days

of gestation (Subgroup IC), The neuroepithelial layer of
the retina was differentiated into outer neuroplastic layer,
inner neuroplastic layer and ganglion cell layer. The axons
of the ganglion cell layer converged towards the center of
the retina forming the optic disc exhibiting a depression on
its inner surface (the optic cup). These axons left the retina
as the optic nerve with delicate branches of hyaloid artery
within it (Figure 1; IC).

Optic nerve in postnatal and aging group (Group II)
* Subgroup IIA (albino rats aged one month)

Cross sections in the retro-bulbar part of the optic
nerve showed that the optic nerve was ensheathed by three
meninges including pia, arachnoid and dura maters from
inside outwards. The nerve axons were partially packed
with ill-defined nerve bundles. The oligodendrocytes
appeared as rounded condensed darkly stained nuclei with
clear cytoplasm. The astrocytes exhibited vesicular nuclei
with pale eosinophilic cytoplasm (Figure 2; IIA: A&B).

* Subgroup IIB (albino rats aged 3 months)

The optic nerve was ensheathed by the three well-
defined meninges. The nerve axons were closely packed
with well-defined nerve bundles. Oligodendrocytes
appeared as rounded condensed nuclei with clear cytoplasm
and astrocytes exhibited elongated darkly stained nuclei
with pale eosinophilic cytoplasm (Figure 2; [IB: A&B).

* Subgroup IIC (albino rats aged 9 months)

Cross sections in the retro-bulbar part of the optic nerve
showed well-defined nerve bundles divided by septa. The
oligodendrocytes and astrocytes appeared as the previous
age group but vacuolation of the nerve axons began to
appear (Figure 2; IIC: A&B).

* Subgroup IID (albino rats aged 18 months)

The nerve bundles were loosely packed and widely
separated with ill-defined meningeal coverings. The
oligodendrocytes were degenerated with large vacuolated
cytoplasm and the astrocytes exhibited pyknotic nuclei.
Vacuolation of nerve axons could be seen inside the nerve
bundles (Figure 2; IID: A&B).

* Subgroup IIE (albino rats aged 24 months)

There were scattered vacuoles containing pale
cosinophilic fragmented axons and myelin debris. The
oligodendrocytes and astrocytes showed shrunken pyknotic
nuclei (Figure 2; IIE: A&B).

Immunohistochemical CD31 Stain

Prenatal group (Group I)

In Subgroup IB (albino rat fetuses aged 14 days of
gestation), sections in the eyeball showed blood vessels
distributed in the retina and vitreous humor but no optic
nerve axons were observed. In subgroup IC (albino rat
fetuses aged 21 days of gestation), blood vessels in the
optic nerve axons revealed positive brown coloration of
their cells (Figure 3; IB& IC).
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Postnatal group (Group II)

Subgroups IIA, IIB & IIC (albino rats aged 1, 3 & 9
months) exhibited very small brown coloration (CD31
stain) indicating minute blood vessels in the optic nerve
axons. Whereas in subgroups IID & IIE (albino rats aged
18 & 24 months), excessive dense positive cytoplasmic
staining of CD31 stain appeared in the cells of the blood
vessel walls in the optic nerve in subgroup IID (small
blood vessels) and in subgroup IIE (Large blood vessels)
(Figure 3; ITA, IIB,IIC, IID& IIE).

Transmission electron microscopic results
Prenatal group (Group I)

In Subgroup IC (albino rat fetuses aged 21 days of
gestation), cross sections in the optic nerve showed loosely
packed axons of different shapes and sizes. Most of them
were myelinated and others were unmyelinated. The nerve
axons consisted of electron lucent axoplasm that contained
mitochondria. The astrocytes were found at the periphery
with their processes wrapped around the nerve bundles.
The Schwann cells wrapped around the nerve axons.
Their nuclei revealed condensed chromatin at the nuclear
membrane (Figure 4).

Postnatal and aging group (Group II)
Subgroup IIA (albino rats aged one month)

All the axons of the optic nerve were myelinated and
compact. The astrocytes were found at the periphery with
their processes wrapped around the nerve bundles. The
myelinated nerve axons were enclosed within the Schwann
cells. They contained elongated nucleus that revealed
condensed chromatin at the nuclear membrane with
prominent nucleolus. The axoplasm was electron lucent
and contained numerous mitochondria (Figure 5; ITA).

Subgroup IIB (albino rats aged 3 months)

The myelinated nerve axons were surrounded with
thick myelin sheath. In addition to presence of astrocytes
and Schwann cells, the oligodendrocytes with their
elongated heterochromatic nuclei were found between
the myelinated nerve axons. Their cytoplasm contained
numerous mitochondria (Figure 5; 1IB).

Subgroup IIC (albino rats aged 9 months)

There were irregular outlines of the myelinated nerve
axons. The Schwann cells exhibited shrunken nuclei
with vacuolated cytoplasm and degenerated cristac
of the mitochondria. The oligodendrocytes contained
heterochromatic nuclei and atrophic cytoplasmic
organelles. The axoplasm of some myelinated axons
possessed swollen mitochondria and others showed
vacuolation or focal myelin damage (Figure 5; IIC).

Subgroup IID (albino rats aged 18 months)

The myelinated nerve axons of varying sizes were
irregular and distorted in shape. They revealed focal
disruption, vacuolation or ballooning of myelin sheath

with increased connective tissue between them. Separation
of the lamellae of the myelin sheath appeared within
some myelinated nerve axons and swollen mitochondria
within some unmyelinated axons. Schwann cells exhibited
shrunken nuclei and numerous cytoplasmic vacuoles.
Astrocytes possessed elongated pyknotic darkly stained
nuclei (Figure 6).

Subgroup IIE (albino rats aged 24 months)

Myelinated and unmyelinated optic nerve axons
appeared with varying sizes and distorted shapes with
appearance of blood vessels among them. Schwann cells
surrounding the distorted myelinated and unmyelinated
nerve axons showed shrunken nuclei and marked
vacuolation in the cytoplasm. Marked degenerative changes
of the nerve axons were observed. Some myelinated axons
exhibited loss of the axoplasm and swollen mitochondria,
others showed marked ballooning and separation of the
axoplasm from myelin sheath or exhibited complete loss of
the myelin sheath on one side and collection of destructed
myelin lamellae at the other side (Figure 7).

Morphometric and statistical results

Statistical analysis of the mean area percentage of
CD31 positive cells in different subgroups

Statistical analysis of the morphometric results
showed a highly significant increase (P<0.001) in the area
percentage of CD31 positive immunoreaction in subgroup
IC as compared with subgroup IB. Meanwhile, subgroup
IIA showed a non-significant (P>0.05) difference in
immunoreactivity as compared to either the subgroup I1I1B
or IIC. On the other hand, there was a highly significant
difference between subgroup IC&IID, IC&IIE, TA&IID
and ITA&IIE. In addition, there was a highly significant
(P<0.001) increase in the area percentage of CD31 positive
immunoreaction in subgroup IIE as compared with
subgroup IID (Table 1, Histogram 1).

Statistical analysis of the mean number of axons in the
optic nerve in different subgroups

The mean number of optic nerve axons in albino
rat fetus at the age of 21 days (subgroup IC) was 29.3+
10. In rats of subgroups IIA and IIB aged 1 month
and 3 months, the mean number of optic nerve axons
increased to 31+ 14.6 and 33+ 22.3 respectively with no
significant difference between both or between them and
the prenatal subgroup. This increase was significantly
decreased again (P<0.001) in the axons of old albino rats
of subgroups IIC (aged 9 months), IID (aged 18 months)
and IIE (aged 24 months). Their mean axon numbers were
28.7+ 11.3, 8.8+ 3.3 and 7+ 2.9 respectively with non-
significant difference between IID & IIE. There was a
highly significant difference between subgroup IC&IID,
IC&IIE, TA&IID and ITA&IIE. On the other hand, there
was a significant difference between other subgroups
(Table 2, Histogram 2).
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Fig. 1: Photomicrographs of sections in the heads of albino rat embryos and fetuses at different ages showing:

.

In embryos aged 7 days of gestation (IA), the forebrain (F) appears with no optic cup protrusion indicating no development of the eye at this age.

In fetuses aged 14 days of gestation (IB) the layers of the eyeball (EB) and the eye lids (EL) are well defined. The outer layer includes the sclera (S)
and the cornea (C). The second layer includes the choroid (Ch) and the iris (I). The inner layer represents the retina (R). The vitreous humor (V) can
be observed between the lens (L) and the retina. The retina consists of outer pigment epithelial layer (PE) and inner thick neuroepithelial layer (NE).
The optic stalk (OS) appears empty of nerve fibers and many vitreous blood vessels (BV) are noticed.

In fetuses aged 21 days of gestation (IC), the eyelids (EL) and the eyeball (EB) appear with the optic nerve (ON) emerges from the posterior pole of
the retina (R). The neuroepithelial layer of the retina is differentiated into outer neuroplastic layer (ONL), inner neuroplastic layer (INL) and ganglion
cell layer (GC). The axons of the ganglion cells converge at the posterior pole of the eye forming the optic disc (OD) with a depression on its inner
surface forming the optic cup (OC). Delicate blood vessels (BV) are distributed in the vitreous humor (V) and within the optic nerve (ON) (Hx.&
E. AX40, BX100 & CX200).
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Fig. 2: Photomicrographs of cross sections in the retro-bulbar part of the optic nerves of albino rats at different ages showing:

. In the rats aged 1-month (IIA), the optic nerve (ON) is surrounded by three layers; the pia (P), arachnoid (A) and dura (D) maters from inside outwards.
Ill-defined bundles (B) of the optic nerve axons are seen. The oligodendrocytes (O) appear as condensed darkly stained nuclei with clear cytoplasm
and the astrocytes (As) exhibit pale eosinophilic cytoplasm with vesicular nuclei.

. In the rats aged 3 months (IIB), the three meninges are well-defined. The nerve axons are closely packed with well-defined nerve bundles (B). Higher
magnification shows the oligodendrocytes (O) with small rounded condensed nuclei and clear cytoplasm. The astrocytes (As) exhibit elongated darkly
stained nuclei with pale eosinophilic cytoplasm.

. In the rats aged 9 months (IIC), well-defined bundles (B) of the nerve fibers can be seen divided by septa. The oligodendrocytes (O) and astrocytes
(As) appear normal however vacuolation (*) of the nerve axons can be noticed.

. In the rats aged 18 months (IID), the meningeal coverings (arrows) are ill defined. Nerve bundles (B) are loosely packed and widely separated.
Degenerated oligodendrocytes (O) appear with large vacuolated cytoplasm and astrocytes (As) show pyknotic nuclei with more vacuolations (*)
inside the nerve bundles.

. In the rats aged 24 months (IIE), scattered vacuoles (V) containing pale eosinophilic fragmented axons and myelin debris are noticed. The
oligodendrocytes and astrocytes show shrunken pyknotic nuclei (Hx.& E.: AX200 & BX1000).
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Fig. 3: Photomicrographs of cross sections in the eyeball and optic nerve (ON) of albino rats at different ages showing:

. In fetuses aged 14 days of gestation (IB), brown coloration of blood vessels (BV) distributed in the retina and vitreous humor (arrows) but no optic
nerve axons are observed.

. In fetuses aged 21 days of gestation (IC), brown coloration is noticed in the cells of blood vessels (BV) in optic nerve axons (ON).

. In the optic nerve sections of 1 (IIA), 3 (IIB) and 9 (IIC) months aged albino rats, very small brown coloration indicating minute blood vessels (BV)

. In the optic nerve sections of 18 (IID) and 24 (IIE) months aged rats, excessive dense positive cytoplasmic staining of CD31 in the cells of the blood
vessel walls (BV) appears in the optic nerve in both subgroup IID (small blood vessels) and in subgroup IIE (large blood vessels) (CD3 1immunostaining
X 200)
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Fig. 4: Electron micrographs in optic nerve cross sections of 21 days aged albino rat fetus (Subgroup IC) showing loosely packed axons of different shapes
and sizes. Most of them are myelinated (MA) and some are unmyelinated (UMA). The astrocytes (AS) are found at the periphery wrapping around the nerve
bundle. The Schwann cell (Sc) wraps around optic nerve axons (NA). Its nucleus reveals condensed chromatin at the nuclear membrane. The nerve axons
consist of electron lucent axoplasm (ax) and contain mitochondria (m) (TEM AX 600, B X1200 & CX1500)
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Fig. 5: Electron micrographs in optic nerve cross sections of albino rats at different ages showing:

In rats aged 1 month (ITA), most nerve axons are myelinated (MA) and compact. The astrocytes (AS) are found at the periphery with their processes
(P) wrap around the nerve bundle. The myelinated nerve axon (MA) is surrounded with thick myelin sheath (M) and enclosed in Schwann cell (Sc)
whose nucleus (N) appears elongated with a prominent nucleolus (nu) and its cytoplasm contains mitochondria (m). The axoplasm (ax) is electron
lucent and contains numerous mitochondria (m).

Inrats aged 3 months (IIB), in addition to astrocytes (AS) and Schwann cell (Sc), oligodendrocytes (O) are noticed with their elongated heterochromatic
nuclei (N) between the myelinated optic nerve axons (MA). Their cytoplasm contains numerous mitochondria (m).

In rats aged 9 months (IIC), the myelinated nerve axons (MA) begin to possess irregular outlines (arrows). Oligodendrocytes (O) appear with
heterochromatic nuclei (N) and atrophic cytoplasmic organelles. The axoplasm (ax) of some myelinated axons possesses swollen mitochondria (m)
and others show vacuolation (V) or focal myelin damage (arrow). Schwann cell (Sc) around the myelinated axons (MA) appears with a shrunken
nucleus (N), a vacuolated (V) cytoplasm and degenerated cristae of the mitochondria (m) (TEM AX600, BX1200 & C: IIA, IIC X1500 and 1IBX
2500).
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Fig. 6: Electron micrographs in optic nerve cross sections of 18 months aged albino rats (IID) showing irregular distorted myelinated nerve axons (MA) of
varying sizes with increased connective tissue (*) between them. They reveal focal disruption (arrow), vacuolation (V) or ballooning (arrowhead) of myelin
sheath and destructed cristae of their mitochondria (m). Some myelinated nerve axons (MA) show separation of the lamellae (arrows) of the myelin sheath (M)
and some unmyelinated nerve axons (UMA) show swollen mitochondria (m) with destructed cristae. Schwann cells (Sc) surrounding the irregular myelinated
nerve axons exhibit shrunken nuclei (N) and numerous cytoplasmic vacuoles (V). An astrocyte (AS) is noticed with elongated pyknotic darkly stained nucleus
(TEM  AX600, BX1500, CX1200, DX2000 & EX2500).

Fig. 7: Electron micrographs in an optic nerve cross sections of 24 months aged albino rats (IIE) showing myelinated (MA) and unmyelinated (UMA) axons
of varying sizes and distorted shapes. Blood vessels (BV) are detected between the myelinated nerve axons. Some myelinated axons exhibit atrophic Schwann
cells (Sc) with shrunken nuclei (N) and marked vacuolation (V) in the cytoplasm. Some of them exhibit complete loss of the myelin sheath on one side (arrows)
and collection of destructed myelin lamellae at the other side (double arrows). Others show swollen mitochondria (m) or marked ballooning and separation (*)
of the axoplasm (ax) from myelin sheath (M) (TEM; AX 600, BX 1500, CX 1200, DX 2000 & Ex2500).
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Table 1: The CD31 positive immunostaining percentage area expression and their statistical comparison in the different subgroups.

CD31 percentage area ANOVA
Subgroups
Range Mean + SD F P-value
1B 0.143 - 0.211 0.179+ 0.024
IC 0.245 - 0.422 0.354+0.057
ITA 0.402- 0.576 0.505+ 0.048
11B 0.411-0.591 0.511+0.067 618.9 <0.001™
IIC 0.431- 0.599 0.54+0.061
11D 3.265 -4.927 3.95+0.526
IIE 5.231-7.213 6.012+ 0.555
t-Test
IB&IC IB&ITA IB&IIB IB&IIC IB&IID IB&IIE IC&IIA IC&IIB IC& 1IC IC&IID IC&IIE
<0.001" <0.001" <0.001" <0.001™ <0.001™ <0.001™ <0.001™ <0.001" <0.001" <0.001" <0.001"™
ITA&IIB IMA&IIC ITA&IID ITA&IIE [IB&IIC [IB&IID [IB&IIE HC&IID IIC&IIE [ID&IIE
0.825 0.176 <0.001™" <0.001™" 0.328 <0.001™" <0.001™ <0.001™ <0.001™ <0.001"™
SD=standard deviation, P-value > 0.05 means no significant difference and P-value < 0.001means highly significant difference (**).
Table 2: The mean number of optic nerve axons and their statistical comparison in the different subgroups
Subgroups Axon numbers ANOVA
Range Mean + SD F P-value
1C 15-45 29.3+ 10
ITA 10-60 31+ 14.6
1IB 13-85 33+22.3
it 10-45 28.7+11.3 7176 oo
11D 4-15 8.8£3.3
1IE 4-12 7+ 2.9
t-Test
IC&ITA IC&IIB IC&IIC IC&IID IC&IIE ITA&IIB ITA&IIC MA&IID
0.4 0.5 0.004" <0.001"" <0.001"" 0.3 0.06" 0.001"
MA&IIE IIB&IIC IB&IID IIB&IIE IIC&IID IIC&IIE [ID&IIE
0.001™ 0.04 0.004" 0.003" 0.01" 0.01" 0.1

SD=standard deviation, P-value > 0.05 means no significant difference, P-value < 0.05 means significant difference (*) and P-value < 0.001means highly

significant difference (**).

Positive CD31 percentage area

Number of optic nerve axons

Histogram 2: The number of the axons of the optic nerve in the different
subgroups

Histogram 1: Positive CD31 percentage area in the different subgroups
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DISCUSSION

The vertebrate retina has been widely used as a model
for studying the central nervous system's development.
Because of its accessibility and relatively simple
organization, it may be used to investigate basic functions
such cell proliferation, differentiation, and death®*.

Grossniklaus et al. (2013) reported that the structure
of the optic nerve changes with age. These changes
included progressive ganglion cell loss; the precursor of
optic nerve axons and optic nerve degeneration. Therefore,
the current study aimed to clarify the prenatal and postnatal
age-related changes in the albino rat optic nerve structure
and number of axons.

In this study, albino rats at different ages were used.
The ages of the prenatal group were 7, 14 and 21 days of
gestation while those of the postnatal and aging groups
were 1, 3,9, 18 and 24 months. These animal ages were
chosen based on the equivalence with human21, Roughly,
21 to 30 days old rats would be equivalent to 6 months old
child, 2 to 3 months old rats to 14 to 20 years old human, 6
to 9 months old rats to 18 to 30 years old human, 15 to 18
months old rats to 40 years old human and 22 to 24 months
old rats to 60 years old human(**2?,

In the present work, embryos at a gestational age of 7
days (subgroup IA) showed no development of the eye.
On the other hand, in the fetuses aged 14 days of gestation
(subgroup IB) the globe became well defined and their
retinae consisted of two layers of cells; outer pigment
epithelial layer and inner thick neuroepithelial cell layer.
Neither ganglion cells nor axons of the optic nerve could
be observed in this age. This result was confirmed by
Cruchten et al. (2017)B% who mentioned that the bundles
of optic nerve axons were observed only in rats at GD14.5
to 15, when the first axons from the ganglion cells appear.

At the age of 21 days of gestation (subgroup IC) of
the retina, this work reported that the thick neuroepithelial
layer of the retina was differentiated into outer neuroblastic
and inner neuroblastic layers with appearance of new layer
of ganglion cells. Ilia & Jefferey (1996)! explained that
to be due to melanin or an associated product in the retinal
pigment epithelium (RPE) that influences the birth dates
of ganglion cells in the retina of the rat. Furthermore,
Nguyen-Ba-Charvet & Rebsam (2020)83?! explained that
different molecular mechanisms, especially the cascade
of transcription factors impact the fate of retinal ganglion
cells. In subgroup IC, It was also noticed that the axons
of ganglion cells emerged on the inner side of the retina
then converged towards the center of the retina forming
the optic disc and left the retina as the optic nerve. These
results coincided with those of Cruchten et al. (2017)B3%
who observed that the nerve fiber layer is formed at GD15
to 16 then continue as the optic nerve.

Ultrastructural examination was done for the optic
nerve axons in 21 days aged albino rat fetuses (subgroup
IC). They appeared loosely packed with different shapes

and sizes. The majority of them were myelinated, while
others were not. These axons were made up of electron-
lucent axoplasm with a lot of mitochondria. Schwann cells
whose nuclei revealed condensed chromatin at the nuclear
membrane were found wrapping around optic nerve axons.
Many astrocytes, on the other hand, were located in the
periphery, their processes wrapping around each nerve
bundle. Burne & Raff (1997)533 suggested that RGC axons
induce the astrocyte proliferation. This mitogenic effect of
RGCs on optic nerve astrocytes is mediated by neuregulins
which may be involved in maturation or survival of
astrocytes.

Postnatally, in the present work, the retro-bulbar part of
the optic nerves of 1, 3 and 9 months-old albino rats were
ensheathed by three meninges; pia, arachnoid and dura
maters that became well-defined with the advancement
of age. The nerve axons were closely packed with ill-
defined nerve bundles in young age and well-defined nerve
bundles with increasing age. Ultrastructurally, the nerve
axons were enclosed within Schwann cells that contained
elongated nuclei with condensed chromatin at the nuclear
membrane and prominent nucleoli. The axoplasm contained
numerous mitochondria. These findings agree with those
observed by Fetouh & Hegazy (2013)P4 who assessed the
structure of optic nerve in rabbits and found that in young
animals, the optic nerve fibres appeared as closely packed
myelinated axons of tiny diameters separated by processes
of astrocytes while in early adult animals, The optic nerve
fibres had the same structure as those of young animals,
with the exception that the axons were bigger in diameter.
The astrocytes and oligodendrocytes were found with no
structural changes in both young and early adult animals.

Vrolyk et al. (2017)B) assessed the neonatal and
juvenile ocular development in rats and reported that at
postnatal day 1 (PND1), the optic nerve was made up of
unmyelinated nerve fibers with randomly distributed glial
cells including astrocytes and oligodendrocytes. PND10
revealed that mature oligodendrocytes were more abundant
and organized in a linear pattern. Axon myelination was
completed at PND14.

In the present study, oligodendrocytes were found
between the myelinated optic nerve axons only in postnatal
groups. They exhibited condensed heterochromatic nuclei
and clear cytoplasm containing many mitochondria. The
astrocytes were found at the periphery wrapped around the
nerve bundles. They revealed vesicular nuclei with pale
cytoplasm. These results coincide with that of Zhu et al.
(2013)8% who reported that the glial tissue between the
nerve fibers formed glial septa in the form of trabeculae
containing capillaries. Butt et al. (2004)P" stated that
oligodendrocytes were responsible for production of myelin
sheaths that insulate axons while astrocytes modulated
the metabolism and potassium homeostasis. Walling &
Marit (2016)P® reported that axon myelination begins at
PND8 (post-natal day 8) adjacent to the optic disc and
the optic chiasma and is completed between PND14 and
PND16. They explained that myelination was controlled
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by intercellular interactions between neurons and glia cells
such as oligodendrocytes and astrocytes.

The effect of oligodendrocytes and myelin on axon
maturation in the developing rat was investigated by
Colello et al. (1994)%9. They prevented oligodendrocyte
development by destruction of their precursors by unilateral
x-irradiation at birth then they measured the axon diameters
in both the normal and the myelin-free optic nerves at
different ages. Their results demonstrated that the absence
of oligodendrocytes reduce the axon diameter growth
however, ganglion cells were of similar size, suggesting
that ganglion cell growth occurs in spite of the lack of
myelin and axon diameter maturation. Almeida & Lyons
(2017)4 also reported that neuronal activity influences
oligodendrocytes differentiation from the oligodendrocyte
progenitor cells and so promoting myelination of the axons
that significantly change axonal conduction properties.
Conduction along already-myelinated axons may also be
mediated by alterations to the axon itself. They highlighted
the observations that neuronal activity can rapidly tune
axonal diameter.

Aging changes of the optic nerve of albino rats were
observed in the present work at 18 and 24 months of age.
These changes were moderate at 18 months (subgroup IID)
and became extensive at 24 months (subgroup IIE). These
changes involved ill-defined meningeal coverings, loosely
packed and widely separated nerve bundles and irregular
distorted myelinated nerve axons of varying sizes. Schwann
cells exhibited shrunken nuclei with vacuolated cytoplasm
and degenerated cristac of the mitochondria. Some
unmyelinated axons revealed swollen mitochondria while
some myelinated axons exhibited loss of the axoplasm and
myelin sheath. Similar findings were noticed in the work
of Yassa (2014)“ who studied the histology of optic nerve
at different ages of male Sprague—Dawley rats and they
concluded that the age-related changes of the optic nerve
include increase of the optic nerve sheaths (meningeal
membranes), decreased number and size of nerve fibers.
Mpyelin disturbances including widening, whorls, splitting
and vacuolations of the myelin lamellae were also
observed. Fetouh & Hegazy (2013)B* also assessed the
structure of optic nerve in late adult and senile rabbits and
found that in late adult animals, the optic nerve fibers were
closely packed but some depleted areas could be noticed
filled by degenerating axons with electron dense axoplasm.
In senile animals, there was extensive degeneration of the
nerve axons and their myelin sheath. Many astrocytes had
pyknotic nuclei and abundant cytoplasmic filaments. The
oligodendrocytes had irregular nucleus and their cytoplasm
was filled with vacuoles and inclusion bodies.

In this work, among the aging groups (Subgroups 11D
& 1IE), the oligodendrocytes contained heterochromatic
shrunken nuclei and atrophic cytoplasmic organelles and
the astrocytes possessed elongated pyknotic darkly stained
nuclei. Furthermore, in this work, blood vessels could be
seen among the nerve axons in albino rats aged 18 and
24 months. Similar findings were noticed in the work of

Tremblay et al. (2012)?! and El-sayyad et al. (2014)%1
who reported that the oligodendrocytes and astrocytes
were abnormally damaged throughout the optic nerve
tissues in aging rats. Their main pathological findings of
oligodendrocytes and astrocytes were nuclear pyknosis.
Also, they detected widespread network of capillaries
throughout the optic nerve in old age.

The immunohistochemical stain, CD31 is an excellent
marker of vascular endothelial cells*®. It is used in the
present study and revealed that at the age of 14 days
of gestation (subgroup IB), small blood vessels were
distributed in the retina but no vessels were noticed among
the optic nerve axons. Whereas, at the age of 21 days of
gestation (subgroup IC), optic nerve axons were noticed
with appearance of brown colouration distributed in
the places of the blood vessels. These results agree with
those of Hasegawa et al. (2008)"** who reported that the
initial retinal vasculature develops by vasculogenesis,
differentiation and organization of angioblasts with
expression of CD39, VEGF, CD34 and CD31.

Postnatally, in subgroups IIA, IIB and IIC, CD31-
stained cross sections in the retrobulber part of the
optic nerve of one, three and 9 months-aged albino rats
respectively showed negative reaction to the stain. On the
other hand, dense positive cytoplasmic staining of CD31
was noticed in the region of the blood vessels in optic
nerve of subgroup II D (rats aged 18 months) and II E
(rats aged 24 months). These results were in agreement
with the results of El-sayyad et al. (2014)™ and Liu et al.
(2011)™1 who observed neovascularization during old age
and increased positive immunostaining of CD31 which
reflected micro-vessel density.

In this study, quantitative measurements of the optic
nerve axons revealed an increase in their mean number in
subgroup IIA (rats aged one month) and IIB (rats aged 3
months) compared to subgroup IC (fetuses aged 21 days
of gestation). The increase in the mean number of optic
nerve axons was significantly decreased again (P<0.001)
in the axons of old albino rats of subgroups IIC (rats
aged 9 months), IID (rats aged 18 months) and IIE (rats
aged 24 months). Calkins (2013)¥%! explained the loss
of optic nerve axons to be due to reinal ganglion cells
(RGCs) degeneration. However, Yassa, (2014)“! reported
age- related ganglion cells degeneration but with no loss
of the optic nerve axons. On the other hand, Feng et al.
(2007)47 previously emphasized that the RGC population
is not changed with age in rodents or other species.

Furthermore, the percentage area of CD31 immuno-
positive cells increased among the prenatal groups IB and IC
then became within the same range among the adult groups
IIA, IIB and IIC then showed highly significant increase in
the aging groups IID & IIE indicating neovascularization.
These results agree with those of Bolintineanu et al.
(2006)“81 who assessed the possible age-induced alterations
in the the microcirculation of the optic nerve in rats grouped
by age and concluded that there is increase of vascular
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parameters of the optic nerve from birth to adulthood. Liu
et al. (2011)"7 explained this neovascularization that the
number of EPCs (Endothelial progenitor cells) in the blood
increases significantly after optic nerve injury, and the
cells can arrive the injuried area to repair injured tissue and
enhance angiogenesis.

CONCLUSION

Finally, it could be concluded that the optic nerve
axons begin to develop at 14 days of gestation and
continue postnatally. Glial cells including astrocytes and
oligodendrocytes become more apparent postnatally in
the adult groups aged 1, 3 and 9 months. Aging changes
of the optic nerve of albino rats were observed at 18 and
24 months of age. These changes involved ill-defined
meningeal coverings, loosely packed with widely separated
nerve bundles and irregular distorted myelinated nerve
axons of varying sizes. Moreover, neovascularization was
also clearly apparent.
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